Abstract: Polyethylene glycol (PEG) at the moment is considered the leading polymer for protein conjugation in view of its unique properties, as well as to its low toxicity in humans, qualities which have been confirmed by its extensive use in clinical practice. Other polymers that are safe, biodegradable and custom-designed have, nevertheless, also been investigated as potential candidates for protein conjugation. This review will focus on natural polymers and synthetic linear polymers that have been used for protein delivery and the results associated with their use. Genetic fusion approaches for the preparation of protein-polypeptide conjugates will be also reviewed and compared with the best known chemical conjugation ones.
agent, a bis-sulfone PEG, which reacts, in turn, with both thiol groups, forming a new bridge composed of three carbon atoms [13] .
Enzymatic PEGylation is one of the most recent approaches to link PEG to a protein. In this case, the polymer coupling is mediated by an enzyme that offers a great selectivity and the possibility to modify amino acids that otherwise cannot be addressed by a chemical method of conjugation. In this field, the main examples of enzymatic PEGylation are: (i) transglutaminase mediated PEGylation, in which the enzyme catalyzes the transfer of an amino-PEG to the acyl group in the side chain of a glutamine [14] ; (ii) glycoPEGylation, which requires two enzymes, an O-GalNAc-transferase and a sialyltransferase, to couple PEG at the level of specific serines and threonines, thus mimicking O-glycosylation [15] ; (iii) sortase A mediated PEGylation, to conjugate the polymer at the level of the protein C-terminus after the addition of a specific amino acid substrate sequence (LPXTG motif) [16] .
Other future directions in the development of PEGylation include: (i) releasable PEGs, which are polymers linked to the protein through cleavable linkers that allows the slow release of the conjugated protein in its full active form [17] [18] [19] [20] [21] [22] [23] ; (ii) non-covalent PEGylation, which can be mediated through either hydrophobic interactions or the formation of coordination complexes [24] [25] [26] ; and (iii) new PEG forms; in fact, the classic linear or branched structures of PEG can be further modified to obtain new copolymers with improved features, such as the comb shape PEGs [27] [28] [29] .
Despite the great success of PEG, this polymer might not, however, be the perfect and optimal polymer for every application and does, in any case, present some drawbacks, listed below, which could limit its use:
(1) As it is not biodegradable, high molecular weight PEGs should be used carefully and always at molecular weights below the kidney clearance threshold; (2) Specific anti-PEG antibodies have been detected in the serum of patients treated with PEG-asparaginase [30] and PEG-uricase [31] , resulting in a neutralizing effect with a loss of therapeutic efficacy. Some investigators have detected the presence of pre-existing IgM and IgG anti-PEG antibodies in about 25% of patients who have never received prior treatment with PEG drugs [32, 33] ; (3) While controversial kidney cell vacuolization has been observed in animals following multiple dose administration of PEG-conjugated hemoglobin [34] and TNF-R binding proteins [35] , it has never been found when the polymer was administered alone or with other conjugates, and this has confirmed its safety. The finding, nonetheless, highlights another potential problem linked to the use of non-biodegradable, high molecular weight PEGs; (4) The large number of patents connected to the use of PEGs in drug delivery compositions might hamper or prevent the development of new conjugates.
The presence of anti-PEG antibodies is probably one of the most debated concerns linked to PEG, and no clear conclusions have as yet been formulated. Although anti-PEG antibodies have indeed been described by some studies, they represent only a small percentage of the total number of cases of PEG-based therapeutics in clinical practice. Interestingly, this problem seems to be restricted to large PEG conjugates cross-linked with highly immunogenic enzymes (i.e., asparaginase, uricase, etc.) [36, 37] . Some have suggested that the size of conjugates obtained by extensive PEGylation of high molecular weight proteins is similar to that of small PEGylated liposomes or nanoparticles, which subsequently lead to the so-called accelerated blood clearance (ABC) phenomenon involving complement activation by IgM [38, 39] . As underlined by Schellekens and colleagues, many factors linked to immunogenicity warrant further study [40] . In fact, as that research group pointed out, most, if not all, assays for anti-PEG antibodies are flawed and lack specificity; as a consequence, the biological effects ascribed to anti-PEG antibodies are not well defined.
There are, moreover, other considerations that animate research projects aiming to develop other polymers for protein conjugation, such as the possibility of adding new features to conjugates in terms of biodegradability, targeting, combining activities, etc. The future will probably see custom-designed, personalized polymers for specific applications rather than a fit-all agent, like PEG, used indiscriminately in all sectors.
This review will focus on some of the most relevant polymers for protein modification apart from PEG, which has already been introduced here and in others' dedicated works [39, 41, 42] .
Dextran
Dextrans (initially approved as plasma expanders) were probably the first and most studied in this class of polymers [43, 44] . Produced by bacteria, the polymer is composed of glucose monomers linked together mainly by α-1,6-glucosidic linkages forming a linear polymer with some degree of branching via 1,3-glucosidic linkages [45] . The degree of branching, ranging from 0.5% to 60% depending on the polymer source, affects its water solubility, as the most branched dextrans are the least soluble ones [46] . Their pharmacokinetics are directly proportional to their M W . Detectable dextran levels have been found in the serum of rats after 12 h for M W >40 kDa [47] . In vivo dextran is slowly depolymerized by dextranases mainly present in the liver and spleen [45] , but this degradation pathway is only marginally relevant for conjugates, because chemical modifications of the dextran backbone further reduce the rate of such degradation [48, 49] .
In early studies, dextran was conjugated to streptokinase (streptodekase) and subsequently used in clinical practice in Russia, becoming the first protein conjugate to be tested in humans [4] . The polymer was oxidized by periodate yielding aldehyde groups, which, in turn, were reacted with protein amino groups ( Figure 1 ). Although this method is still currently applied to couple proteins to dextran and polysaccharides in general, it is affected by the multiplicity of binding groups in the polymer backbone that might yield undesired cross-linked bonds if coupling conditions are not well controlled. Two aldehyde groups are, moreover, generated for each oxidized unit when polysaccharide is treated with sodium periodate. As this approach yields two aldehyde groups (e.g., RO-CH(R′)-CHO and RO-CH(OR′)-CHO) in close proximity, where R and R' are the polysaccharide backbone (Figure 1) , it might cause problems due to the differences in the reactivity of aldehydes and to the difficulty in determining which aldehyde group is involved in the protein coupling. That both aldehydes react with the proteins, moreover, is a possibility that is difficult to exclude. As a consequence, if this approach is not properly optimized, there may be constraints in the heterogeneity of the final conjugate.
This coupling strategy has, nevertheless, been utilized to prepare several dextran-protein conjugates. Antitumoral dextran (≥40 kDa) asparaginase conjugate, for example, was found to have an extended half-life with respect to asparaginase, both in non-immune and in asparaginase-immune rabbits [50, 51] . The conjugated enzyme retained about 50% of the initial activity and was well tolerated, even after repeated injections. Dextran-carboxypeptidase G2 is another conjugate that has been investigated as an antitumor agent used to deplete folic acid [52] , which is essential for tumor cells. In this case, protein conjugation was achieved using cyanogen bromide, an approach that is difficult to standardize, because conjugates with different structures are formed [45, 53] . Investigators have demonstrated a direct correlation between the M W of the coupled dextran and the increase in the conjugate's half-life [52] . Other examples of protein-dextran conjugates include: uricase [54] , superoxide dismutase [55] , insulin [56] and hemoglobin [57, 58] . Readers can refer to Mehva's review for an exhaustive overview of all dextran conjugates, including those with low M W s [43] . Briefly, then, in all cases, dextran conjugation was characterized by: (i) the good retention of protein activity even for those proteins (i.e., insulin or antibodies) requiring interaction with others (proteins) to perform their biological functions; (ii) pharmacokinetics dependent on dextran's M W ; and (iii) the ability to reduce the immunogenicity of heterologous proteins. Although dextran is currently commercially available with a wide range of M W s and a lower polydispersity index (PI) with respect to that in the past (e.g., polymers with a PI of approximately two are accessible), it might still be less practical than synthetic polymers. The latter, in fact, can be obtained with a greater control of the PI for even high M W s, and the heterogeneity of dextrans coming from backbone branching is transferred to the final conjugate, which hinders lot-lot reproducibility/consistency and meeting regulatory requirements. Further concerns that have delayed the development of dextran conjugates are linked to the rare cases of anaphylactic reactions to high M W dextrans that have been reported.
Polysialic Acids (PSAs)
Polysialic acids (PSAs) are natural, biodegradable polymers with a linear structure composed of N-acetylneuraminic acid (Figure 2 ). Several bacteria exploit its hydrophilicity to achieve stealth and protection. PSA covered bacteria can, in fact, prevent host complement activation and phagocytic activity and can thus overcome natural body defenses. Sialic acid, one of the major components of the glycans of glycosylated proteins, reduces the tendency to aggregate and, thus, prolongs drug action. In view of these properties, Gregoriadis proposed that PSA be used as a polymer to improve a drug's pharmacokinetic profile and to reduce the immunogenicity of the chemical protein conjugation [59, 60] . The protective role played by PSA in nature could presumably preserve the protein's structure and, thus, prolong its pharmacological action. PSAs with different M W s are produced from bacteria, and the α-(2→8)-linked serogroup B capsular polysaccharide from Escherichia coli K1 is considered the most suitable for the polysialylation of drugs and proteins [61] . Conjugated to human proteins, including interferon α-2b [59] , insulin [62] , IgG fab fragments [63] , as well as to heterologous proteins, such as asparaginase [64, 65] , PSAs have been shown to reduce the immunogenicity of linked proteins. Between 10 and 60 kDa, the M W range of PSA used for protein conjugation ensures a half-life extension directly proportional to the M W of the coupled polymer. In most cases, PSA was activated by controlled periodate oxidation, making it possible to achieve a single aldehyde group at the non-reducing end of the polymer, where three vicinal hydroxyl groups are present. This approach yields an end chain functionalized PSA with a single aldehyde per polymer chain, thereby avoiding potential cross-linking problems in the subsequent conjugation with proteins [62] . The aldehyde-PSA can be exploited for amino coupling through reductive amination at the level of the lysine amino group when the reaction is performed in alkaline buffers or at the level of the protein N-terminus when the coupling is conducted in acidic buffers. Alternatively, aldehyde activated PSA can be converted into a maleimide-PSA, allowing thiol to be coupled to the protein's free cysteine [66] .
Interestingly, it has recently been demonstrated that PSA conjugates can be obtained by enzymatically transferring PSA chains to N-or O-linked glycans of a protein by means of bacterial enzymes, such as sialyltransferase Cst-II [67] . This approach further enhances the potential of polysialylation, offering a new tool for site-selective protein conjugation.
While PSAs' polydispersity may still be higher than that of synthetic polymers, using relatively low M W (10-20 kDa) chains to augment half-life times will probably overcome this limit.
Hyaluronic Acid (HA)
A key component of extracellular matrix, cartilage and vitreous compartments in vertebrates, hyaluronic acid is a natural polysaccharide [68] . Hyaluronic acid (HA) is unique, as it has a relatively simple linear structure of repeating disaccharide units composed of D-glucuronic acid and N-acetyl-D-glucosamine (Figure 3 ) [69] . The FDA has already approved its utilization for human use, and among its various therapeutic applications, the polymer is currently used as a viscosupplement to treat joints in patients affected with arthritis. Its clinical safety is well established, and it is also contained in several injectable products for cosmetic applications [70] . To date, HA's potential for use in drug delivery systems has been investigated as a carrier of anti-tumoral and anti-inflammatory drugs [71, 72] . The conjugation of biologically active substances to HA is straightforward through a direct activation of the carboxylic acid groups present along the polymer backbone. A chemical approach suitable for amino coupling might present cross-linking limits for HA conjugation to proteins. As a consequence, the periodate oxidation procedure, with the pros and cons described above for dextran, has also been applied to HA for conjugation to proteins, for example, interferon α [73] . A different HA activation has been achieved by reacting some HA carboxylic groups with a spacer bearing a protected aldehyde group. Studies on the new aldehyde-HA have produced positive results with regard to protein conjugation with several different proteins and peptides, such as hGH, insulin and salmon calcitonin [74, 75] . The most commonly used HAs for protein or drug conjugation have M W s in the range between 100 and 300 kDa. HAs higher than the upper limit tend to form water solutions with an increased viscosity that is proportional to the M W and which might not be suitable for applications in the field of conjugation.
Readers can refer to the work by Mero and Campisi found in this "Polymers for drug delivery" issue for a comprehensive review of HA's potential as a carrier of drugs and proteins [76] .
Dextrin
Dextrin is a polymer chain composed of D-glucose units joined together by α-1,4-glucosidic linkages that form a linear polymer with some degree of branching via 1,6-glucosidic linkages (Figure 4 ). This biodegradable polymer produced by the controlled hydrolysis of starch is degraded in vivo by the α-amylase present in extracellular fluids. The polymer was succinylated to achieve conjugation to proteins. This approach links a succinic acid molecule to some hydroxyl groups of dextrin, thus obtaining a carboxyl group suitable for protein conjugation after activation, and it can thus be tuned for derivative control. Dextrin with a degree of succinylation and M W s in the ranges between 9%-32% mol and 7700-47,200 Da, respectively, were used to modify different proteins, such as phospholipase A2 [77] , trypsin [78] , melanocyte stimulating hormone [78] and epidermal growth factor (rhEGF) [79, 80] . Dextrin conjugation proportionally reduced enzyme activity depending on the M W and the degree of succinylation.
A new concept towards protein modification, called polymer-masking-unmasking-protein therapy (PUMPT), has been tested on dextrin [78] . The hypothesis was that polymer conjugation would protect a protein and mask its activity in transit while enabling controlled recovery of activity at the target site by triggered degradation of the polymeric component. First tested with trypsin, the approach was further developed with rhEGF by preparing a dextrin-rhEGF conjugate to treat excisional wounds using topical applications in the diabetic mouse [79] . The use of dextrin described here is an example in which an intrinsic property of a polymer was exploited to achieve a conjugate with an important therapeutic effect for tissue repair. In order to avoid the risk of cross-linking connected to the carboxylic activation of a highly succinylated dextrin and to enhance its potential as a conjugating polymer applicable in systemic treatments, the chemistry of the protein conjugation should be improved by pursuing new approaches that can ensure a single point of attachment on the protein.
Hydroxyethyl-Starch (HES)
Hydroxyethyl-starch (HES) is a semi-synthetic non-ionic polysaccharide obtained by the chemical modification of the hydroxyl groups in the C2 and C6 position of starch ( Figure 5 ). The polymer has been approved for human use as a blood plasma volume expander. In view of its high water solubility and the possibility of controlling the rate of biodegradation, some consider it a potential substitute for PEG. There are as yet few published studies on HESylation with proteins [81] , nanoparticles [82] or low M W drugs [83] , and most data concerning the chemical HESylation of proteins can be found in patent descriptions [84, 85] . Interestingly, HES conjugation to erythropoietin (EPO) was achieved at the protein glycan position after mild oxidation with the periodate of some EPO carbohydrates followed by conjugation with a hydroxylamine HES derivative. Protein conjugation with HES was also successfully achieved by employing transglutaminase (TGase) mediated conjugation. This enzyme is able to transfer the primary amino group (amino donor) to the acyl group of glutamine (acyl donor). Enzymatic coupling has, in particular, been obtained using two strategies: the first by preparing HES derivatives bearing Z-Glu-Gly sequences, known acyl donor substrates of TGase, useful for protein conjugation to lysine; the second by synthesizing amino-HES polymers that can act as an amino donor substrate in a TGase mediated reaction directed towards the glutamines of a given protein [81] . As the presence of multi-attaching points in the HES backbone might lead to the formation of cross-linked conjugates, the reaction time must be properly optimized to avoid this risk.
Figure 5. Schematic representation of hydroxyethyl-starch (HES).
While HES appears to be a promising polymer for protein conjugation, recent concerns about its safety have emerged in connection to an increased risk of death and kidney injury noted in critically ill patients who received the drug as a plasma expander [86, 87] . In view of these reports, the European Medicines Agency's Pharmacovigilance Risk Assessment Committee has recommended that solutions for infusions containing hydroxyethyl starch no longer be used to treat patients with sepsis (bacterial infection in the blood) or burn injuries or the critically ill, because of the increased risk of kidney injury and mortality [88] .
Poly(2-ethyl 2-oxazoline) (PEOZ)
Poly(2-ethyl 2-oxazoline) (PEOZ) (Figure 6 ) is a linear synthetic polymer that is considered to be a promising substitute for PEG in view of its stealth properties [89] [90] [91] . PEOZ is soluble in water and in many organic solvents [92] . Like PEG, PEOZ can be synthesized with low polydispersity and can have a single functional group at one extreme, useful for protein conjugation, which is obtained during the initiation [93] [94] [95] or termination [96, 97] steps of polymerization. The pharmacokinetics of PEOZ is directly proportional to its M W and, consequently, to its hydrodynamic volume, which is slightly lower than that of a PEG having the same M W [98] . Studies in mice using radiolabelled poly(2-alkyl-oxazoline) showed that these polymers do not accumulate in the body and are mainly cleared by the kidneys and only to a small extent by the liver [99] . It was relatively easy to transfer the chemistry expertise and know-how behind polymer activation and coupling to PEOZ in view of its similarity to PEG [91, 100] . PEOZ can be produced with a terminal hydroxyl group that can be activated and, in turn, reacted with spacers bearing common functional groups and yielding carboxyl, amino, maleimide or aldehyde PEOZs. These derivatives offer a wide selection of protein coupling chemistries, and it is also possible to perform enzymatic mediated protein conjugation with PEOZ [98] . As demonstrated by the preserved enzymatic activity of PEOZylated uricase, catalase and ribonuclease and the preserved secondary structure of coupled proteins [98] , PEOZ does not interact with the protein surface [100] . Its stealth properties have been confirmed, as the PEOZ-bovive serum albumin (BSA) conjugate is significantly less immunogenic with respect to BSA or PEG-BSA [100] .
PEOZ-protein conjugates have, until now, been investigated only in animal models, but the polymer has produced promising results and no toxicity, even in the PEOZ form, with pendant groups used to conjugate low M W drugs [101] .
The possibility of synthesizing PEOZ with pendant groups is perhaps the polymer's main advantage with respect to PEG as far as the delivery of small drugs is concerned. PEOZ must, in any case, find its own specific application in the field of protein conjugation, or its similarities with PEG may become a disadvantage (or not a real advantage) with respect to a polymer like PEG, which boasts a long history of safe clinical use. The finding of a higher cellular uptake in Madin-Darby canine kiney (MDCK) and Caco-2 cell lines of horseradish peroxidase conjugated with polyoxazoline copolymers is interesting in view of the low membrane permeability of PEG conjugates [102] . Interested readers are referred to a recent review article for a complete overview concerning polyoxazoline polymers [103] .
Protein Conjugates Exploiting Polypeptides as Carrying Polymers
The preparation of fusion proteins is a well-established genetic approach to achieve fused proteins with prolonged pharmacokinetics [104] . The advantage of this approach is that it is possible to create a fused protein with a precise M W increase, but the same protein expression, thereby preventing the typical polydispersity of synthetic polymers. The carrying protein can be fused at the N-or C-terminus of the target protein, and which is used depends on several variables. In most cases, albumin has been exploited as the carrying protein. A random polypeptide instead of a protein with a well-defined secondary or tertiary structure has been investigated as a carrying protein in the following two approaches.
These genetic fusion approaches are proposed as an alternative to chemical polymer to protein conjugation methods [105] . Their strengths, briefly mentioned above, are interesting, although the method may not easily be applied to all proteins. Highly immunogenic heterologous proteins or enzymes would not, for example, be suitable for this approach, because they require a strong protein surface coverage, which is better achieved with a random polymer conjugation. Some proteins are, moreover, unable to fold properly when fused to other polypeptides. Genetic fusion, nevertheless, represents one of the most important breakthroughs with regard to biologics.
XTEN Technology
XTEN technology is based on the genetic fusion of a gene encoding for an active protein with a gene encoding for long unstructured hydrophilic sequences of amino acids [106, 107] . A XTEN peptide is composed of six amino acids (A, E, G, S and T) at different percentages. The sequence was selected from a large library by evaluating parameters, such as maximal expression, genetic stability, solubility, aggregation resistance, etc. [106] . The approach was tested using different peptides and proteins, such as exenatide, glucagon and hGH [106] [107] [108] . A novel recombinant human growth hormone (rhGH) fusion protein was designed by genetically fusing different XTEN sequences to the protein's N-and C-terminus, obtaining a fused protein of about 119 kDa, with a five-fold M W increase with respect to the original hGH. Although the XTEN-hGH-XTEN protein showed a 12-fold reduction in hGH activity in vitro, its potency in vivo was increased, owing to its prolonged half-life (the terminal half-life was 110 h). A monthly dose of the fused protein in monkeys yielded a sustained pharmacodynamic response for one month, comparable to 0.05 mg/kg/day of rhGH, without any observed adverse effects [107] .
PASylation
PASylation is an approach based on polypeptide genetic fusion similar to XTEN. In this case, an amino acid sequence is designed to achieve an unstructured polypeptide with high water solubility and the lack of charges. As preliminary studies with Gly-based polypeptides yielded unsatisfactory half-life prolongation [109] , the next step was to develop polypeptides based on a combination of amino acids. The combinations of proline, alanine and serine forming polypeptides with high water solubility and properties similar to PEG were particularly interesting [110] . Different polypeptide lengths (200, 400 and 600 AA) were fused with therapeutic proteins, such as interferon, hGH and Fab fragments, and a proportional increment was demonstrated in the in vivo half-life in mice. The authors reported that fused proteins were stable in the blood circulation, and their biodegradability prevented organ accumulation. No toxicity was noted, and their unstructured nature presumably explained the absence of immunogenicity in these mice experiments [110] . In accordance with the known immunogenicity of hGH in mice, IgG antibodies reactive against the hGH moiety of PAS600-hGH were, however, detected in mice treated daily with the fused protein [110] . This finding suggests that, together with other genetic fusion approaches, PASylation may not be the delivery method of choice for highly immunogenic proteins, because it limits the polypeptide attachment by fusion at the N-and/or C-terminus, and, as a consequence, does not fully shield the protein surfaces, as does polymer conjugation.
Conclusions
Polymer conjugation has become one of the leading pharmaceutical technologies for the delivery of proteins. Its effectiveness in prolonging the in vivo terminal half-life and in reducing the immunogenicity of conjugated proteins has been proven by several studies and further corroborated by the profile of conjugates, until now, solely of PEG, currently in clinical use [5] . As PEG is still the gold standard for protein conjugation, new polymer candidates with ever greater advantages and fewer limits need to be designed and developed. The journey of new polymers that are quite similar to PEGylation, but without any significant improvements or personalized features or applications, will clearly encounter obstacles in view of PEG's well established know-how and lack of toxicity. The idea of a single polymer utilized for several different applications does not, however, sit well with the increasing needs for responsive drug delivery systems and personalized medicine. It is probable that in the near future, polymers with unique tailor-made properties will be developed for specific applications despite the high development costs. It is even possible that a new polymer will be developed as a platform (backbone) to which different properties (i.e., stimuli responsive groups, imaging, different reactive groups) can be applied on demand.
Genetic fusion approaches to form specific, well-defined protein-polypeptide conjugates have also been presented in this review. Although conceptually different from chemical conjugation techniques, they are an interesting, important frontier. Together with chemical conjugation methods, their future development will no doubt contribute to modulating and enhancing the field of protein delivery.
